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Background

20 μm 20 μm

Undoped UO2

Cr (1000ppm) 
doped UO2

Aborelius et al. J. Nucl. Sci. Tech. 43 967-976 (2006)

qCr-doped	UO2 exhibits	larger	
grains

o 4-5	times	increase	in	grain	size	
when	doped	with	1000	ppm	Cr

qAl-doped	UO2 does	not	exhibit	
enhanced	grain	size

qCombination	of	Cr	and	Al	shows	
even	larger	enhancement
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Motivation	for	atomistic	
simulation	of	doped	UO2
q Multiple	maxima	in	peak	in	grain	size	around	solubility	
limit	indicates	complex	sintering	mechanistics

q Industrial	Cr-doped	fuel	concepts	are	at	solubility	limit	
– suggesting	liquid	phase	sintering	(which	has	been	
stated	to	govern	the	enhanced	sintering)	may	not	be	
only	explanation

q Approach	is	to	thoroughly	(re-)investigate	Cr	solution	
in	UO2 as	a	function	of	charge	state	(note	Cr	can	
occupy	2+,	3+,	4+,	5+	and	6+	valence	states).

q Two	important	potential	implications	of	this	study.	
Complete	understanding	of	Cr	defect	physics	will	
permit:
q (1)	optimized	doping	procedures.
q (2)	development	of		predictive	fuel	performance	
models	(e.g.	fission	gas	release).

Bourgeois et al. J. Nucl. Mater. 297 313-326 
(2001)
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Possible	mechanisms	for	
enhanced	sintering

Liquid phase sintering 
If Cr is insoluble can it form oxide 

precipitates that are liquid at 
sintering temperatures 

(1900 K) and assist mass transport?

CrO system has a liquid eutectic

CrUO4 may also form and might 
have a lower melting point

But at 1000ppm Cr, volume 
fraction ~0.1 %  -> seems small 

and this is also close to the 
solubility limit for Cr
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Liquid phase sintering 
If Cr is insoluble can it form oxide 

precipitates that are liquid at 
sintering temperatures 

(1900 K) and assist mass transport?

CrO system has a liquid eutectic

CrUO4 may also form and might 
have a lower melting point

But at 1000ppm Cr, volume 
fraction ~0.1 %  -> seems small 

and this is also close to the 
solubility limit for Cr

Can Cr dissolve into UO2 and 
increase the U vacancy 

concentration?   
Uranium mass transport is the 
rate limiting step but is greatly 
increased by presence of U 

defects

We need a high enough Cr 
solubility limit and the right type 

of Cr defects

Some Cr defects have not been 
considered in past work, 

meaning this mechanism should 
be further studied

Possible	mechanisms	for	
enhanced	sintering
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Uranium	defects	are	key	to	enhanced	
mass	transport	and	sintering

q U	vacancy	concentrations	are	key	to	U	mass	
transport

q U	vacancies	are	negatively	charged	defects
q If	Cr	solution	is	charge	compensated	by	
negatively	charged defects,	then	U	vacancy	
concentration	is	suppressed	

q If	Cr	solution	is	charge	compensated	by	
positively	charged defects,	then	U	vacancy	
concentration	is	enhanced.

qOptions	=
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Cr-doped	UO2 Results
qDFT	results	indicate	that	at	low	
temperatures	very	low	Cr	solubility	at	
substitutional	sites
qCr	forms	a	negative	defect	at	
substitutional	sites	but	negligible	
concentrations

qAt	high	temperature	vibrational	
entropy	drives	solubility	onto	the	
interstitial	site
qSignificant	concentrations	of	2+	
interstitial	at	at	sintering	
temperatures	(>1700	K)

qOuter	shell	has	5	d electrons	allowing	
multiple	valence	states

Limiting consideration to Cr3+ or ignoring vibrational 
entropy will not capture role of Cr-doping
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Al-doped	UO2

qLower	Al	solubility	than	for	Cr	across	
full	temperature	range

qSeems	that	the	interstitial	
necessitates	the	2+	valence	state

qAlthough										defect	forms	at	high	
temperature	it	is	still	very	insoluble	
so	little	impact	on	VU

q Insolubility	of											is	probably	do	to	
its	electronic	structure	à outer	shell	
of	s2p1	so	it	strongly	prefers	+3	
valence

100

10-5

10-10

10-15

10-20

Temperature (K)

Stoich.

D
ef
ec
tc
on
ce
nt
ra
tio
ns

pe
rU

O
2

500 1000 1500 2000

(doped)
(undoped)



10

100

10-5

10-10

10-15

10-20

Temperature (K)

Stoich.

D
ef
ec
tc
on
ce
nt
ra
tio
ns

pe
rU

O
2

500 1000 1500 2000

(doped)
(undoped)

q Past	experimental	work	at	LANL	also	
showed	no	enhancement	due	to	Al

50 μm

Nelson et al. LANL Tech Rep, M3FT-13LA020206

Al-doped	UO2
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Ability	to	access	2+	valence	state	is	key.
Any	other	element	that	could	be	used	as	

a	sintering	aid?

s2p1
3+

s2
2+ s2d

More than 1 d electron 
so 2+ is an option

qComparison	of	Cr	and	
Al	highlights	
importance	of	2+	
valence	state	for	
interstitial

qOther	possibilities	are	
group	2	elements	or	
transition	metals	with	
more	than	1	d
electron

qExpect	transition	
metals	with	low	
monoxide	stability	to	
be	more	effective

qC,	Si	and	N	are	
excluded	due	to	
formation	of	
secondary	phases
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Other	d	elements:	Ti

q Agreement	with	past	work	at	LANL	that	Ti	
should	enhance	grain	size

q Anecdotally:	Ti leads	to	non-uniform	grain	
size.

50 μm

Nelson et al. LANL Tech Rep, M3FT-13LA020206
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Other	d	elements:	V

q Agreement	with	past	work	at	LANL	that	V	
should	enhance	grain	size

Nelson et al. LANL Tech Rep, M3FT-13LA020206

50 μm
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Untested	(i.e.	unpatented)	d	elements:	
Fe	and	Mn

Patent filed for 
“Mn-doped oxide nuclear fuel” on 11th August

U.S. Provisional 
Application Serial 
No. 62/544,673

q Fe	does	not	have	a	significant	impact.		However…

q Mn enhances	VU concentrations	and	therefore	grain	size.	Not	known	until	now.	
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qMarginal	increase	in	VU at	high	
temperatures

qSignificant	solution	at	substitutional
site	at	low	temperatures

qExperimental	work	[1] showed	that	
Mg	can	be	accommodated	either	
interstitially	or	substitutionally

q In	experimental	work	high	
temperature	favored	the	interstitial	
site

qThis	agreement	provides	further	
support	for	the	proposed	interstitial	
mechanism	of	enhanced	doping

qNot	as	effective	as	d electron	dopant	
due	to	the	stability	of	MgO compared	
to	CrO,	MnO etc.

Group	2:	Mg-doped	UO2
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[1] Fujino et al. J. Nucl. Mater. 246 150-157 (1997)
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Conclusionsq Modeling	these	systems	accurately	
requires	no	assumptions	regarding	the	
possible	valence	states	of	dopant	or	
actinide	metals

q Vibrational	entropy	is	decisively	
important	at	high	temperatures	for	
sintering

q A	common	2+	interstitial	mechanism	is	
identified	for	small	transition	metal	
dopants	and	Mg	(group	2)

q Al	could	not	readily	form	the	2+	
interstitial	due	to	lack	of	d	electrons	à
low	solubility

q Good	agreement	with	experiment	about	
which	dopants	enhance	grain	size

q Mn identified	for	first	time	and	a	patent	
has	been	filed	for	“Mn-doped	oxide	
nuclear	fuel”	U.S.	Provisional	
Application	Serial	No.	62/544,673
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Future	Work:
MARMOT-BISON	Fission	Gas	Study

Killeen, JNM 88 (1980) 177.

From Olander and Motta
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CRA Catlow, Proc Roy Soc A 364
(1978) 473.

Future	Work:
MARMOT-BISON	Fission	Gas	Study

Factor ~5 difference in D (from Killeen 
experiment) corresponds to factor ~5 
difference in uranium vacancy 
concentration at same T.

Previous explanation (large cluster 
D) clearly inaccurate.

MARMOT-BISON calcs of 
enhanced D (~5x) vs larger 
grains (also ~5x) will be of great 
interest to vendors and NRC
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Comparison	to	Areva Studies?
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Future	Work:
MARMOT-BISON	Fission	Gas	Study

From Josek, THE HIGH INITIAL RATING TEST IFA-677.1: FINAL REPORT 
ON IN-PILE RESULTS (2008)


